Studies of cell transformation by RNA and DNA tumor viruses by DNA-RNA hybridization and extension of these techniques to analysis of human cancer tissue are reviewed. The molecular hybridization technique, it is suggested, will be useful in further studies of the role of oncogenic RNA and/or DNA viruses in causation of cancer.
DNA and RNA tumor viruses hold the key to the understanding of mammalian cell function and growth control in molecular terms and for investigation of the molecular biology of mammalian cells. Viruses afford some of the most powerful systems for analysis of DNA replication, and RNA transcription and translation in mammalian cells.
About 150 of 600 known animal viruses are oncogenic (Table 1) . Oncogenic DNA viruses undergo two types of interaction with cells (1): (i) productive infection, in which hundreds of thousands of virus particles are assembled and the cell is killed; and (ii) cell transformation, in which virus does not replicate but the cell is altered morphologically, and cell multiplication and macromolecule synthesis are controlled in part by viral genes.
Among DNA tumor viruses, polyoma, SV40, and three groups of oncogenic human adenoviruses have been analyzed for the mechanism of viral replication and cell transformation (ref. (2) and in cultured human rhabdomyosarcoma cells (3) . Whether
Abbreviation: MSV, mouse sarcoma virus.
these viruses infect humans or play a role in human cancer is not known. Virus particles may not be a major cause of human cancer; however, the exciting possibility that cellular genes that contain information similar to that of RNA tumor viruses are expressed in human cancer, i.e., the oncogene hypothesis of Huebner and Todaro (4) (9) that transformed cells, while they synthesize no virus, make virus-specific tumor antigens, also detected early during productive infection. This discovery provided the first clues that the viral genome may persist, and suggested further that a viral gene product expressed early in productive infection was expressed in transformed cells. The sequence of events in cell transformation, elaborated in the last 7 years, is diagrammed in Fig. 1 (Table 3 ). The high efficiency of hybridization with cellular DNA suggests that the cellular DNA sequences contiguous to viral DNA are highly reiterated (11) .
Analysis of human cancers for genetic information of DNA tumor viruses by molecular hybridization Cells transformed by DNA tumor viruses possess viral DNA sequences, virus-specific RNA sequences, and virus-specific tumor antigens (1). As described in Table 4 , these virus-specific molecules may be detected readily by molecular hybridization and immunological analysis, thus providing a basis for analysis of the involvement of viruses in human cancers. Extensive analysis of sera from cancer patients for antibody directed against adenovirus tumor antigen were negative (summarized by McAllister, Gilden, and Green, manuscript in preparation). Molecular hybridization-competition analysis ( The intense research activity subsequent to the recent discovery of the viral RNA-eoDNA polymerase (13, 14) suggests the tentative scheme of Fig. 3 3. Induction of virus particles in human cancers by treatment with chemicals. Assay by RNA-DNA polymerase activity or by labeled particles using isopycnic centrifugation. 4 . Search for human virus-specific antigens in human tumors. viral proteins and viral RNA subunits probably occurs at the cell membrane [8, 9] .
Cell Transformation (Fig. 3, 10-14) . Cell line HT-1 contains the entire MSV viral genome, but synthesizes no recognizable viral proteins (18) . HT Table 6 . One of the most powerful, sensitive, and specific methods is molecular hybridization. Every cell line infected with, or transformed by, murine RNA tumor viruses that we have examined possesses virus-specific RNA sequences readily detected by molecular hybridization (Fig. 4) . Using the same basic test, described in Table 7 , we have analyzed human tumors for base sequences that are specific for RNA tumor viruses, as illustrated in Table 8 with the DNA product of the feline sarcoma viruses. Thus far, no RNA that is specific for feline sarcoma virus has been detected in cancer of the liver, larynx, lung, ovary, breast, and cervix; 50 additional specimens from human cancers were also negative. Thus, the current concern that the feline sarcoma virus may be involved in human cancer is probably unfounded. We have also tested the ability of RNA from human cancers to hybridize with the DNA products of the feline leukemia virus grown in human cancer cells, the Mason Pfizer monkey tumor, murine sarcoma virus, and the RD-114 virus. Positive hybridization with human cancers were found (Green, Richardson, Morrissey, and Pinkerton unpublished results). Spiegelman et al. (personal communication) have recently found that the DNA product of the mouse mammary tumor virus shares some sequences with RNA from human breast cancer. The significance of these observations for the etiology of human cancer is of great concern.
Summary statement As described above, impressive progress has recently been made in understanding cell transformation by RNA and DNA tumor viruses in molecular terms, and in application of this knowledge to the analysis of human tumors for viral genetic information. For example, the powerful tools of molecular hybridization have permitted the analysis of human cancers for viral genetic information, by use of reagents developed from the studies of viral nucleic acid synthesis. The data from investigation of DNA tumor viruses, although negative thus far, emphasize the need for further refinement of the molecular hybridization technique in order to show or exclude the in- product of the "human virus." In addition, the macromolecular components of this possible "human virus" would provide the reagents to analyze the regulation of "cancer specific" information using subcellular fractions derived from human cells as experimental systems.
An example of how basic information can be applied to chemotherapy is provided by studies of virus replication in bacteria and in eukaryotic cells that indicate that the specificity of polymerase molecules plays a major role in the control of DNA replication and gene expression. The specific polymerase requirements for the replication of animal viruses is most illuminating. As shown in Fig. 5, members (19) . However, modification of rifamycin SV (20) by introduction of substituents such as cyclohexyl 3-cyclic amines at position 3 of the ansa ring produces strong inhibitors of DNA polymerase of RNA tumor virus (Fig. 6 ) and mammalian cells (21) , and inhibits cell transformation by RNA tumor viruses (21 
